ABSTRACT
INTRODUCTION
Gel electrophoresis is the most commonly used analytical tool in molecular biology. Both polyacrylamide and agarose gels are used in many experimental procedures, including the purification of protein samples, DNA sequencing, analysis of restriction digests of plasmids, analysis of protein/DNA complex formation, identification of binding sites of DNA-binding proteins and many others. Some of these techniques require quantitative analysis, which is particularly important in the analysis of footprinting experiments. Following electrophoresis, gels may be digitized either by storage-phosphor technology or by densitometry of a stained or autoradiographed gel, and the band patterns are analyzed by a computer program. In conjunction with the digitization methods currently available, Geltrak has been used in our laboratory for several years (1-5,7,10,27) and has recently been exported to other laboratories.
Many systems, commercial and otherwise, are available for quantitative gel analysis, and like some of them, Geltrak offers area-integration by simply adding intensities under peak profiles bounded by vertices at the peak minima. Where there is minimal background and peaks are well-separated or where the area under several peaks is required, this technique for area calculation is generally acceptable. However, the tails of most band profiles are generally occluded by some material or other, such that determination of the minima to divide the peaks is often pure guesswork. To reduce the error that this incurs, many programs, including Geltrak, offer Gaussian fitting before integration to estimate the peak tail shape and hence the peak minima (11, 12, 14, 18) . The Gaussian function has probably been the distribution of choice because it has been accepted as the standard in many disciplines for many years. However, it would appear that the Gaussian distribution is not always as good a fit as has generally been believed (16) . It fits the top half of gel band profiles quite closely, but in the unusual case where the tails of gel peaks are visible, we find them much wider than those of the Gaussian, and in common with others (9,24), we also find a degree of skewness.
Many workers use these and more primitive area-determination techniques (15, 19, 20, 22 ) that may be acceptable for an estimate of band ratios where there are very few bands and differences in intensity are large. While some of these systems have the advantage that they function in a simple and robust way, they do not address the special needs of high-resolution quantitative footprinting experiments. Footprinting gels have many bands in a lane that tend to overlap and form shoulders, and most currently available programs make no serious attempt to separate these bands in a way that allows compensation between adjacent peaks. If experimental results are to be meaningful, a high degree of accuracy is required for area determination, and the contribution to the area of each peak by its neighbors must be accounted for. Geltrak overcomes this problem by decomposing the observed profile with a set of fitted profiles combined with a calculated width/height ratio variation (21) .
So what kind of accuracy can be achieved in any quantitative one-dimensional (1-D) gel analysis? To provide an overall assessment of the minimum error that can be expected from this process, a perfectly clean gel with a predetermined ratio of material between the bands within a lane was produced under optimum conditions. Hence, the accuracy for each digitization method could be estimated. At the same time, the peak tails could be observed, making it possible to fit the exact shape of the band profiles to a variety of statistical functions and develop a function to fit the entire peak precisely. Incorporated into Geltrak, this function maximizes the accuracy with which individual peak areas can be estimated.
MATERIALS AND METHODS
Two oligonucleotides, 33-mer and 17-mer, were synthesized by automated solid-phase DNA synthesis on an Applied Biosystems Model 380B DNA Synthesizer (PerkinElmer/Applied Biosystems Division, Foster City, CA, USA) by standard protocol, 32 P end-labeled and purified by 15% denaturing polyacrylamide gel electrophoresis (8) . Bands were excised and eluted from the gel with 0.5 M ammonium acetate, 1 mM EDTA, desalted on a Sephadex ® NAP-10 column (Pharmacia Biotech, Piscataway, NJ, USA) and fractions counted by liquid scintillation. Mixtures (50:50, 50:25 and 25:50) of the long and short oligonucleotides were made. To 10 µ L of each of the three mixtures, 5 µ L of formamide dye (0.1% bromophenol blue, 10 mM EDTA) were added, and each mixture was run in triplicate on a 15% (20-× 40-× 0.04-cm) polyacrylamide gel in the presence of 7 M urea and TBE buffer (0.089 M Tris, 0.089 M boric acid, 0.002 M EDTA) at 20 W for 2 h. The resulting gel was autoradiographed for 1 h in both wet and dry states. Both autoradiographs were scanned on a Model 300A Computing Densitometer ™(Molecular Dynamics, Sunnyvale, CA, USA) and a home-built charge-coupled device (CCD) gel reader. The dry gel was also subjected to a range of exposures by storage phosphor technology and scanning by a Model 425S PhosphorImager ™ (Molecular Dynamics). The resulting digitized images were analyzed by Geltrak on a DEC/Alpha 2100 ™(Digital Equipment Corporation, Maynard, MA, USA) through an X-terminal.
Geltrak was originally written in FORTRAN 77 for a VAX ™computer running VMS ™Version 5.3 (Digital Equipment Corporation) with the graphics that displayed the image of the gel controlled by a library of UIS routines (21) . Since the scientific community has moved to a UNIX™environ -ment, a substantial part of the work on Geltrak has been to write a general-purpose library of X-windows routines to provide the graphics capability. This major advance has not only increased the flexibility of the graphics but has also enabled Geltrak to run successfully on a variety of UNIX computers, including Sun Microsystems and Silicon Graphics Indigo workstations. It requires FORTRAN 77 and C compilers, graphic window system X11 Release 5.0 and higher and about 6 MBytes memory to run. An inexpensive UNIX box with the appropriate graphics screen should be adequate.
For each digitization method and for every digitized image, each of the nine lanes from the gel was tracked with a sampling window of 1 × 3 pixels, which provided band center averaging while allowing for the slight slope of the bands. Baselines to be subtracted from the profile were drawn along the base of the peak tails in a straight line between the far edges of the profile. Since it was essential that no assumptions about peak shape were made at this stage, the two peak areas from each lane were calculated by simple integration. Area ratios for each pair of peaks were calculated and compared to the measured radioactive count ratios of the initial sample mixtures; hence, a percentage error was determined. This was repeated several times for each lane of each image, and the results were averaged. From the image with the smallest overall error, the pair of baseline-subtracted peak profile intensities were extracted from each of the best fitting lanes for each of the three ratios.
Using Levenberg-Marquardt's least-squares fitting procedure (17), the extracted peak profiles were fitted to several statistical distributions and their resulting chi-squared values compared. Many different functions were considered for fitting (6); those finally selected were chosen for simplicity, flexibility and suitability of shape. As an essential comparison, the Normal (Gaussian) function was fitted first, then Lognormal, Cauchy (Lorentzian) and Weibull functions, the last of which has variable shape and scale parameters.
RESULTS AND DISCUSSION
There were problems in the production of the standard gel; uncalibrated pipets and a poor-quality buffer were the main culprits. Even after having resolved these difficulties, the final gel still contained very slightly uneven and sloping gel bands ( Figure 1 ). These would be present in almost any gel and probably account for the observed errors. Horgan and Glasbey (12) "straighten" sloping bands before analysis; but in our case, tampering with the data might well modify the very peak shape we are trying to measure. The poor results given by the Model 300A Computing Densitometer, as shown in Table 1 , are probably due to the interference fringes observed on all scanned autoradiograph images measured by this instrument. Better results were recorded from the home-built CCD densitometer, which does not read from the autoradiograph on a glass plate, but passes it over a light beam by means of rollers. The best results were obtained from the midrange exposures from the Model 425S PhosphorImager. Unlike Johnston et al. (13), who found that low exposures gave the best result, we found exposures below a certain level had a higher background relative to the peaks, which adversely affected the baseline and hence the area determination. If the gel is exposed for too long, the peak tops become flattened, making area integration meaningless. The image selected to test the peak shape ( Figure 1 ) was exposed to storage phosphor technology for 7 h and scanned with a step size of 88 µ m. The average band ratio error was 4.8%. There are many stages in gel analysis where errors can accumulate. Errors can be introduced by all of the following: purification of the sample to be analyzed, pouring the gel, making the wells, preparation of the buffer, pipetting the samples, the electrophoresis itself, autoradiography, baseline selection and finally the area integration. The results above show that even when the gel is run under optimum conditions, an error rate of around 5% must be assumed. Gel analysis by storage phosphor technology not only excludes errors created during the photography stage, but since the range is so many times greater, gives much more reliable results. The crucial factor is the low background relative to the peaks, which gives a flat, even baseline. Vohradsky and Panek (24) normalize the background in a direction perpendicular to the lane, but this presents a problem for gels with closely aligned lanes. Geltrak makes no assumptions about the baseline and allows the user to select it. However, it is recommended that lanes should be tracked to the extreme edges of the gel, and the baseline drawn as a straight line from one end of the profile to the other. In the case of the standard gel selected for peak shape testing, it can be seen from the overlaid profile illustrated in Figure 1 that the exact shape of the peak tails was clearly visible and baseline selection straightforward.
As Figure 2a shows, the Gaussian function did not provide a good fit to the tails, and the fixed skewness coefficient of the Lognormal function makes it too inflexible, even if it were a good fit otherwise (Figure 2b) . The Weibull function also gave a disappointing fit (Figure 2c) ; the shape parameter in this distribution influences the skewness, and although it should adjust to account for the asymmetry, the tail spread is insufficient to match gel peak profiles. The Cauchy function (Figure 2d ) fitted better than any of the other distributions, but since it is a symmetric function, it cannot accommodate the skewness to which gel band profiles are almost invariably prone. To introduce a flexible asymmetry into the Cauchy function, the distribution was extended in a similar fashion to the Pseudo-Voigt and Pearson VII functions used in powder X-ray techniques (25, 26) . These distributions are derived by adding two functions together; so Cauchy + Lognormal and Function parameters: a is peak minimum; µis position; σis width at halfheight; m is shape and b is scale.
Cauchy + Weibull were fitted to the data ( Figure 2 , e and f). However, although the Cauchy component improved the fit to the Lognormal, its fixed skewness was still enough to rule this combination out. Similarly, the Cauchy + Weibull combination was a big improvement on Weibull alone, but the inappropriate shape of the Weibull distribution still had enough impact to leave the Cauchy function alone as the best fit. To add skewness and shape parameters to the Cauchy distribution that vary in a flexible way, the following function was fitted to the peak profiles:
Parameters for this equation are described in the Figure 2 legend. As Figure 2g shows, this function provides an almost perfect fit to the extracted profile. It also fits bands from agarose/DNA and stained protein gels closely (Figure 2 , h and i). Figure 2j illustrates the fit to the profile of a single peak extracted from a footprinting gel with many peaks and some background noise. Since shape and skewness can vary across the peak in either direction, this flexible function should fit any gel band profile, and it has recently been incorporated into the Geltrak software; the Gaussian distribution continues to be offered for those who prefer to use it. Of the studies carried out on peak profile shape, Galat and Goldberg (9) suggest that profiles vary from one function to another depending on the sharpness of the bands, but do not describe fitting a single, well-separated band, and they have not studied the tails in detail. The variable-shape parameter in Equation 1 should allow the asymmetric Cauchy function to fit the data regardless of whether the bands are sharply defined or widely spread. Vohradsky and Panek (24) found that the Gaussian function, albeit an asymmetric Gaussian, still provides the best overall fit. However, their data are of low resolution, and they do not use a shape parameter in their Cauchy function. Furthermore, their choice of starting parameters for each function to be fitted by Marquardt's least-squares procedure is unclear. Reasonably close initial parameter values are of vital importance for a successful fit, particularly in the case of the Cauchy function, which can fluctuate wildly if the parameters are allowed to deviate too far from the observed profile. We find that starting height and position parameters can be measured directly, and initial width, skewness and shape can be measured from the half-height of the observed peak profile data.
Quantitative footprinting is used in a variety of experimental procedures, including general nuclease protection (7), band shift analysis, drug-DNA binding (1), ribozyme cleavage (10) and protein component analysis. Many of these experiments need to detect minute differences between band intensities (7), for which high resolution is required, and it is essential to know how accurate the final results are likely to be. It is common practice to test band quantitation from lane to lane by serial dilution of the sample (23, 24) . Although this technique is of value and can be used for linearity measurements and corrections, the real test lies in the ratios of separated sample components that are reflected in the individual peak areas within a lane. It is this accuracy that we have examined, and we find that at least a 5% error rate must be expected for any band ratio calculation determined as part of any quantitative 1-D gel analysis.
The footprinting option offered by Geltrak reduces the laborious and time-consuming process of peak numbering to a simple operation. The tracked, baseline-subtracted profile of the "naked" DNA is displayed, and peak numbers are selected by approximate pointer positioning. Geltrak locates precise peak maxima automatically, or where there are shoulders, the exact position can be indicated by the user. Area-integration is straightforward when the matrix decomposition method is selected. The user selects a few well-separated peaks to standardize width:height ratios as described in Reference 21 and to calculate averaged skew and shape parameters for use in peak profile estimates. Peak areas are then determined after typing in a range of peak numbers. The cyclical minimization procedure described in Reference 21 has been replaced by the much more efficient Levenberg-Marquardt method of leastsquares profile fitting. Area calculations by means of this profile-fitting technique, followed by the matrix decomposition method, are almost instantaneous on all the systems tested. After tracking and baseline-subtraction of a "bound" DNA lane, the profile is displayed below the "naked" profile (Figure 3) . The numbers are transferred automatically after indicating the first peak position, and area-integration can then be carried out. When all "bound" lane profiles have been integrated, log probabilities are calculated in a separate step using the method described by Fairall et al. (7), and the results are output to a disk file.
To conclude, we have shown that quantitative 1-D gel electrophoretic analysis can be performed to within 5% error rate under optimum conditions. A truly well-fitting and adaptable peak profile fitting function has been developed that closely represents peak shapes. The addition of this function, together with a much improved least-squares fitting procedure, to the tried and tested matrix decomposition method, enable Geltrak to quickly and accurately integrate component areas of the many overlapping bands present in footprinting gels. The incorporation of the footprinting option to number peaks easily and produce difference probabilities within the program make it a complete high-resolution footprinting package. The transfer of Geltrak to a UNIX/X windows environment as a menudriven graphics computer program has made it a flexible software package portable over a variety of systems. We have found that users prefer a system where they have a large degree of control and that the clear screen display and simple menus of Geltrak make it easy to use. Its advantage over the many other systems available lies in its semiautomatic approach in combination with the use of sophisticated mathematical techniques, which provide both speed and accuracy.
AVAILABILITY
The Geltrak software is available on request from the authors by anonymous file transfer protocol (FTP). A licencing agreement with the Medical Research Council must first be signed. There is no charge to academic workers, but commercial organizations must pay a license fee.
